Highlights d A highly sensitive Id2-reporter strain allows identification of ILC precursors d Id2+ ILCPs harbor multi-potent NK and/or ILC precursors at the clonal level d Id2 + Zbtb16 + ILCPs retain substantial conventional NK-cell potential (J.P.D.S.) In Brief Several transcription factors orchestrate innate lymphoid cell (ILC) development. By using a highly sensitive Id2 RFPreporter mouse model, Xu et al. identify multi-potent ILC precursors that redefine branchpoints in ILC development.
SUMMARY
Innate lymphoid cell (ILC) development proposes that ILC precursors (ILCPs) segregate along natural killer (NK) cell versus helper cell (ILC1, ILC2, ILC3) pathways, the latter depending on expression of Id2, Zbtb16, and Gata3. We have developed an Id2reporter strain expressing red fluorescent protein (RFP) in the context of normal Id2 expression to reexamine ILCP phenotype and function. We show that bone-marrow ILCPs were heterogeneous and harbored extensive NK-cell potential in vivo and in vitro. By multiplexing Id2 RFP with Zbtb16 CreGFP and Bcl11b tdTomato strains, we made a single-cell dissection of the ILCP compartment. In contrast with the current model, we have demonstrated that Id2 + Zbtb16 + ILCPs included multi-potent ILCPs that retained NK-cell potential. Late-stage ILC2P and ILC3P compartments could be defined by differential Zbtb16 and Bcl11b expression. We suggest a revised model for ILC differentiation that redefines the cell-fate potential of helper-ILC-restricted Zbtb16 + ILCPs.
INTRODUCTION
Innate lymphoid cells (ILCs) are characterized by their lack of antigen receptors and prompt reaction to signals from infected or injured tissues. Like T and B lymphocytes from the adaptive immune system, lymphocytes of the innate immune system are important players in immune responses and tolerance at mucosal barriers. ILCs have been recently re-classified into five groups (natural killer cells, NK cells; ILC1s; ILC2s; ILC3s; and lymphoid tissue inducer [LTi] cells) based on their functional outputs and expression of key transcription factors (TFs) that mirror adaptive CD8 + (cluster of differentiation 8 + ) and CD4 + T cells (reviewed in Vivier et al., 2018) . Although both ILC1s and conventional NK cells express T-box transcription factor (T-bet) and are capable of producing interferon-g (IFN-g) and tumor necrosis factor (TNF), NK cells also express Eomesodermin (Eomes) and Eomes-dependent perforin and granzymes that promote granule-dependent cytotoxic functions. ILC2s consist of cells that express the transcription factor GATA3 and are potent producers of T helper 2 (Th2)-cell-associated cytokines such as interleukin (IL)-5, IL-9, and IL-13. ILC3s are heterogeneous but uniformly express the transcription factor RORgt (RAR-related orphan receptor gamma). This group comprises CCR6 + CD4 +/À and CD49a + NKp46 +/À ILC3 subsets that secrete Th17-cell-associated cytokines IL-22 or IL-17 upon activation. LTi cells are related to ILC3s but exert their function during fetal development through promotion of lymphoid-tissue organogenesis (reviewed in Cording et al., 2014) .
ILCs share their developmental origins with adaptive lymphocytes (reviewed in Serafini et al., 2015) . All ILC subsets are derived from common lymphoid progenitors (CLPs) in the fetal liver and adult bone marrow (BM). It is proposed that the developmental program of ILCs is similar to that of T cells, in which CLPs differentiate into specific ILC lineages by progressive loss of alternative lineage potentials. Multiple ILC-lineage-restricted progenitors downstream of CLPs have been identified. The earliest common ILC precursor (CILCP) is thought to reside in the CD135 (Flt3) À a4b7 + progenitor population, which still retains some T cell potential (Yu et al., 2014) . The acquisition of chemokine receptor CXCR6 (C-X-C motif chemokine receptor 6) was shown to be concurrent with the loss of T cell potential in these precursors (Possot et al., 2011; Yu et al., 2014) , although CXCR6 is not required for the generation of this population (Chea et al., 2015) . A common helper-ILC progenitor (CHILP) has been identified using Id2 GFP -reporter mice (Klose et al., 2014) . Id2-expressing CHILPs can give rise to all helper ILCs but fail to differentiate into killer NK cells. A distinct ILC precursor (ILCP) marked by transient expression of Zbtb16 (encoding promyelocytic leukemia zinc finger [PLZF], a TF previously associated with NKT-cell development) has also been described . These Zbtb16 + ILCPs fail to generate LTi and NK cells but can still generate other helper ILCs. A phase of multi-lineage priming was shown to occur in these ILCPs with co-expression of genes for different ILC lineages (Ishizuka et al., 2016) . It was proposed that the final commitment to one of the ILC lineages is influenced by external and internal signals that gradually turn off the alternative developmental programs. Despite the identification of several developmental intermediate cells along ILC-differentiation pathways, the precise stages where specific lineage programs are enabled, as well as the underlying mechanisms that restrict helper versus killer lineages, are still poorly understood (Cherrier et al., 2018; Serafini et al., 2015) . This is in part due to the different model systems used (TF reporters), the varying culture conditions used to demonstrate ILCP potential, and the lack of a uniform phenotype to define ILCs that have been generated from ILCPs in vitro or in vivo.
Several TFs have been shown to be essential for early ILC differentiation, including Nfil3, Tox, Tcf7, and Id2, whose expression is initiated immediately downstream of CLPs (Ishizuka et al., 2016; Seillet et al., 2016) . Loss of these factors differentially affects the generation of ILC precursors, as well as that of mature ILCs (Seehus et al., 2015; Seillet et al., 2016; Xu et al., 2015; Yang et al., 2015; Yu et al., 2014) . Both Id2 and Tox are required for the organogenesis of lymphoid tissues (Aliahmad et al., 2010; Yokota et al., 1999) , indicating their overlapping functions in LTi-cell development during the fetal period. ID2 belongs to the family of helix-loop-helix (HLH) proteins that can form heterodimers with E proteins, thereby preventing their transcriptional activities (Kee, 2009 ). Inhibitor of DNA-binding (ID) proteins and E proteins play important roles in determining the cell fate in the immune system. Id2 is constitutively expressed in all ILC subsets and is indispensable for their development (Cherrier et al., 2012; Moro et al., 2010; Satoh-Takayama et al., 2010; Yokota et al., 1999) . ID2 is recognized as a key regulator for establishing the ILC fate, because loss of EBF1 (early B cell factor 1), a repressor of ID2, in B cell progenitors leads to the development of ILCs and T cells (Nechanitzky et al., 2013) . These findings argue for the existence of Id2-expressing lymphoid progenitors with common T and ILC potential. However, the Id2 + progenitors identified using previously described Id2-reporter mice have not been shown to possess potentials for all ILC lineages and in some cases specifically lacked NK-cell potential (Jackson et al., 2011; Klose et al., 2014; Yang et al., 2011) . These results contrasted with the fact that ID2 was required for normal NK-cell development (Yokota et al., 1999; Boos et al., 2007) and had been shown to be expressed in NK-committed precursors (NKPs) Rosmaraki et al., 2001) , although NKPs and immature NK cells still developed in Id2 -/mixed-background mice, presumably due to upregulation of Id3 expression (Boos et al., 2007) . As such, Id2 + CHILPs have been generally considered as a heterogeneous population that includes progenitors for ILC1s, ILC2s, and/or ILC3s, but not for conventional NK cells (reviewed in Diefenbach et al., 2014; Yang and Bhandoola, 2016) .
Here, we developed an Id2 RFP -reporter mouse model and identified a complex repertoire of Id2-expressing ILC progenitors that includes common progenitors to both helper-and killer-ILC lineages. Single-cell transcriptional analysis revealed the marked heterogeneity of the ILCP population, which harbored subsets that differentially expressed Zbtb16 and Bcl11b. These ILCP subsets were then further characterized using mice bearing combinations of Id2 RFP , Zbtb16 GFPcre , and Bcl11b tdTomato reporters. Through in vitro and in vivo assays, we could show that Zbtb16 expression was associated with loss of ILC3 poten-tial but not NK-cell potential, whereas Bcl11b expression appeared to identify an ILC2-committed progenitor, independent of Zbtb16 expression. As such, our results redefine the cellfate potential of putative helper-ILC-restricted Zbtb16 + ILCPs as multi-potent CILCPs. In addition, TF multiplexing provides a powerful approach to identify the earliest common ILC and NK-cell progenitors as they emerge from CLPs.
RESULTS

An Id2 RFP -Reporter Strain Identifies BM NK and ILC Progenitors
To facilitate the study of Id2-expressing cells, we generated Id2 RFP -reporter mice that harbor an internal ribosome entry site monomeric red fluorescent protein (IRES-mRFP) cassette downstream of the 3 0 translated region within exon 2 of the Id2 gene (Id2 RFP ) ( Figure 1A ). As expected, RFP was highly expressed in all ILC subsets, including splenic NK cells, liver NK cells and ILC1s, lung ILC2s, and different intestinal ILC3 subsets (Figures 1B and 1C) . In contrast, RFP was poorly expressed in splenic CD4 + and CD8 + T cells and was not detected in B cells (Figure 1C) . This pattern of RFP expression in innate and adaptive lymphocytes mirrored that of endogenous Id2 mRNA, as shown by qRT-PCR ( Figure 1D ). Finally, no obvious differences in ILC development were noted in Id2 RFP/+ or Id2 RFP/RFP mice compared with wild-type (WT) mice (data not shown). Together, these results demonstrate that Id2 RFP mice faithfully report on Id2 expression within major lymphocyte subsets and that the Id2 RFP allele is functional.
A previous study of NK-cell development used an Id2 GFP reporter in which the GFP cassette replaced one Id2-encoding allele (Klose et al., 2014; Rawlins et al., 2009) . In this report, Id2 was not expressed until the refined NK-cell precursor (rNKP) stage during NK-cell development, and only a small subset of the committed NK-cell progenitors expressed Id2. Using Id2 RFP mice, we observed that the vast majority of rNKP cells and more than half of the pre-NKP cells expressed RFP (Figure 1E) , whereas BM CLPs were Id2 negative, as shown previously Fathman et al., 2011; Ramirez et al., 2012) . These results suggest that early Id2 expression within the earliest-defined NK cells is associated with emergence of this innate lymphocyte subset from CLPs.
It was previously shown that fractions of pre-NKP and rNKP cells share phenotypic properties (Zbtb16 and a4b7 expression) with Lin -CD135 -a4b7 + lymphoid precursors that can generate NK cells and all helper ILCs (Constantinides et al., 2015; Yu et al., 2014) . We therefore examined Id2 expression in BM ILC progenitors from Id2 RFP mice. We found that 70% of Lin -CD117 + CD135 -a4b7 + CD25 -BM ILCPs (which we will refer to as ILCPs) expressed RFP, whereas CLPs and the few CD135 + a4b7 + cells did not (Figure 2A ; data not shown). By comparison, the subsets of relatively mature ILC2s present in BM and splenic NK cells also were clearly RFP + Hoyler et al., 2012; Yu et al., 2016) , although these subsets showed reduced RFP fluorescence (Figures 2A-2C) .
We next made a side-by-side comparison of the previously described Id2 GFP reporter (Klose et al., 2014; Rawlins et al., 2009 ) and our Id2 RFP -reporter strains. When comparing GFP and RFP expression on total BM cells, notable differences were observed, with the Id2 RFP reporter allowing detection of a larger fraction of cells with a higher mean fluorescence intensity ( Figure S1A ). The improved sensitivity of the Id2 RFP reporter over the Id2 GFP reporter was also apparent when comparing Id2 expression (as revealed by GFP or RFP) on gated NK cells, ILCPs, and pre-NKP cells ( Figure S1B ). Analysis of Id2 GFP 3 Id2 RFP double-reporter mice revealed that RFP + cells co-expressed GFP, indicating that both reporters were active in the same cells. Together, these results indicate that our Id2 RFP reporter provides a highly sensitive tool to characterize Id2-expressing cells, including BM ILCPs.
We further compared selected cell-surface markers of Id2 RFP ILCPs with mature NK cells, BM CLPs, and BM ILC2s. ILCPs expressed CD244 (2B4) similarly to CLPs and NK cells, whereas KLRG1 (killer cell lectin-like receptor G1) expression was restricted to NK cells and a subset of BM ILC2s ( Figure 2C ). These different subpopulations showed distinct CD117 (c-Kit) and CD90 (Thy1) expression patterns ( Figure 2C ).
We next compared transcriptional profiles of Id2 RFP ILCPs to CLPs, ILC2s, and NK cells using qRT-PCR. We confirmed high amounts of Id2 mRNA in ILCPs, ILC2Ps, and NK cells, whereas Notch1 and Rag2 transcripts (which are essential for B and T cell development) were very low in all subsets compared to CLPs ( Figure 2D ). Id2 RFP ILCPs expressed Il7r at comparable amounts to CLPs, suggesting a dependence on IL-7 signaling for ILCP emergence from lymphoid progenitors. Id2 RFP ILCPs expressed Ets1, a key transcription factor for NK and ILC2 development Ramirez et al., 2012; , as well as Gata3, which is required for the generation of ILC2s and ILC3s ( transcription factors Tcf7, Tox, and Zbtb16, previously shown to mark ILC commitment Seehus et al., 2015; Yang et al., 2015) , were also highly expressed in Id2 RFP ILCPs but were not expressed or expressed at very low amounts in CLPs, ILC2s, or NK cells ( Figure 2D ). Taken together, these results validate our Id2 RFP -reporter mouse model that can be used to interrogate the biological properties of NK-cell progenitors and ILC progenitors, as well as mature ILC subsets in different tissues.
Id2 + ILCPs Harbor Common Progenitors to All ILC Lineages, Including NK Cells
In the current model of ILC development, Lin -CD117 + CD135 -a4b7 + CD25 -ILCPs are considered the earliest ILC progenitors downstream of CLPs (Serafini et al., 2015; , although a fraction of these cells still retain some T-cell-differentiation potential (Possot et al., 2011) . As Id2 functions to block E-protein activity that is essential for T and B cell development, Id2 up-regulation is generally associated with the loss of T and B potential and the establishment of ILC fate. Our findings of Id2 RFP expression in a subset of BM ILCPs and in pre-NKPs ( Figures 1E and 2A ) led us to ask whether these subsets harbored committed progenitors for helper ILCs and/or killer NK cells and to assess their potential for other lymphoid lineages.
We first interrogated the capacity of Id2 RFP ILCPs to generate diverse lymphocyte subsets in vivo. We transferred purified CLPs or ILCPs into sub-lethally-irradiated Rag2 -/-Il2rg -/recipient mice ( Figure 3A ). Donor-derived cells were analyzed in different organs by flow cytometry 5 weeks after transfer. As (legend continued on next page) expected (Klose et al., 2014; Possot et al., 2011) , both CLPs and Id2 RFP ILCPs could give rise to diverse helper-ILC subsets (including CD49a + ILC1s, ILC2s, and ILC3s; see Figure S2 for additional in vivo gating strategies), whereas CLPs could also give rise to T and B lymphocytes ( Figures 3B and 3C ). However, we also clearly detected conventional NK cells (expressing CD49b and Ly49 inhibitory receptors for major histocompatibility complex [MHC] class I) after transfer of Id2 RFP ILCPs ( Figure 3B -3D). This result demonstrates that BM ILCPs detected using Id2 RFP mice harbored precursors for conventional NK cells at the population level. In contrast, such NK-cell precursors were not revealed using the Id2 GFP -reporter strain (Klose et al., 2014) . In-vivo-generated NK cells and ILCs appeared functional because they were capable of producing signature cytokines after in vitro stimulation ( Figure 3E ). Our results confirm that Id2 RFP CD135 -a4b7 + cells harbor ILC precursors but also identify a precursor with NK-cell potential within this subset. Generation of NK cells and ILCs in vivo from Id2 RFP ILCPs might be due to the presence of an NK-cell-committed precursor. Alternatively, a common NK-cell and ILC precursor (CILCP) that can give rise to both killer NK cells and helper ILCs could explain these findings. In order to distinguish between these possibilities, we characterized the in vitro lineage potential of Id2 RFP ILCPs. Previous reports have shown that culturing lymphoid precursors on OP9 stromal cells that do or do not express the Notch ligand Delta-like 1 could support T, NK, and helper ILC differentiation in vitro, depending on the cytokine milieu (Cherrier et al., 2012; Possot et al., 2011; Wong et al., 2012) . Using bulk culture, we found that Id2 RFP ILCPs generated non-B-cell and non-T-cell populations that included not only all helper-ILC subsets but also Eomes + conventional NK cells ( Figures S3A and S3B) . In contrast, culture of RFP -Lin -CD135 -a4b7 + CD25cells generated CD3 + T cells on OP9-DL4 stroma ( Figure S3A ), consistent with earlier work showing that acquisition of a4b7 expression by lymphoid progenitors is associated with loss of B but not T cell potential (Yoshida et al., 2001; Possot et al., 2011) . Finally, in vitro potential from WT (non-transgenic) and Id2 RFP ILCPs were comparable (Figure S3C) , confirming that the modified allele in Id2 RFP mice does not impact ILCP populations.
We further assessed the clonal heterogeneity of cell-fate potential within Id2 RFP ILCPs. Single ILCPs were sorted and co-cultured with OP9 or OP9-DL4 stromal cells using different cytokine combinations. The generation of various ILC subsets was assessed by flow cytometry analysis 2 weeks later. NK cells were defined as NK1.1 + NKp46 + Eomes + T-bet + cells, ILC1s as NK1.1 + NKp46 + Eomes -T-bet + cells, ILC2s as GATA3 hi CD25 + ICOS + cells, and ILC3s as NKp46 +/-RORgt + cells ( Figure S3B ). These studies revealed several properties of Id2 RFP ILCPs. First, single-cell cultures of Id2 RFP ILCPs invariably gave rise to both single and mixed colonies of NK cells, ILC1s, ILC2s, and ILC3s ( Figure 3F ). This demonstrated that Id2 RFP ILCPs were heterogeneous and comprised multi-potent (capable of generating two or more ILC and/or NK-cell progeny) and uni-potent progenitors. Second, we found fewer colonies containing ILC2s in cultures with OP9 than in those with OP9-DL4 stromal cells (7.4% versus 28.9%), consistent with previous reports that Notch signaling is important for ILC2 generation (Wong et al., 2012) . There were also more mixed-lineage ILC colonies generated in the presence of Notch ligands, suggesting that Notch signaling may be necessary to maintain or promote differentiation of multi-potent ILC precursors, as has been shown for human ILCPs (Lim et al., 2017) . Third, RORgt + ILC3s were generated from Id2 RFP ILCPs, although these occurred at low frequency, possibly due to sub-optimal conditions for ILC3 development or expansion. Finally, a large subset of Id2 RFP ILCPs appeared to have robust NK-cell-lineage potential, independent of the cytokine milieu present in the cultures. These appeared mainly as uni-potent NK-cell precursors, consistent with Id2 RFP expression in pre-NKPs and rNKPs ( Figure 1E ). Nevertheless, many wells with mixed ILC lineages also harbored NK cells, indicating the presence of multi-potent Id2-expressing precursors that can give rise to both NK cells and ILCs that had not been previously appreciated (Klose et al., 2014) .
Single-Cell Analysis Reveals Potential ILCP Transcriptional Trajectories
To further understand the molecular basis for the functional heterogeneity of Id2 RFP ILCPs, we performed single-cell transcriptional analysis by multiplex qRT-PCR. We sorted single ILCPs and CLPs from the BM of Id2 RFP mice and assessed the expression of 44 genes encoding TFs and surface markers that are associated with lymphoid-cell development (see Table S1 ). We compared these profiles with those derived from BM-resident ILC2s.
Unsupervised hierarchical clustering analysis revealed that Id2 RFP ILCPs had a distinct gene-expression profile compared to those of CLPs or ILC2s ( Figure 4A ). Four distinct clusters could be identified: cluster 1 and cluster 2 were formed by ILC2s and CLPs, respectively, whereas Id2 RFP ILCPs segregated into distinct clusters 3 and 4 ( Figures 4A and 4B ). Transcriptional signatures for cluster 2 included the cell-surface markers CD27, Il7r, and Itga4, as well as Notch1, Rag2, Bcl11a, Runx1, and Ets1, which characterize the molecular mechanisms driving CLP differentiation into the T and B cell lineages ( Figure 4B ). ILC-lineage-specific genes, including Id2, Gata3, Rorc, Tbx21, and Eomes, were not expressed in cluster 2. In contrast, cluster 1 demonstrated the expected expression signature of ILC2s, which included several TFs (Id2, Rora, Gata3, and Est1) and cell surface receptors (Il2ra, Icos, and Il1rl1).
Concerning Id2 RFP ILCPs, clusters 3 and 4 expressed the core ILC TF signature, including Id2, Rora, Gata3, and Ets1, but, unlike ILC2, also highly expressed Tcf7, Tcf12, and Tox. Id2 RFP ILCPs in clusters 3 and 4 expressed a diversity of cytokine receptors, including Il18r1 and Il2b (Figure 4B ), that are key drivers of NKcell development (Hoshino et al., 1999; Suzuki et al., 1997) , (legend continued on next page) although ILC1 and NK-cell transcription factors Tbx21 and Eomes were mostly absent. Segregation of ILCPs in cluster 3 from those in cluster 4 was driven by the expression of Il1r1 and Rorc, whereas essentially all cells in cluster 3 expressed Zbtb16 (encoding PLZF), previously reported to identify ILCPs . Analysis of GATA3 and PLZF proteins confirmed the differential expression of these TFs in CLPs, Id2 RFP ILCPs, and ILC2s ( Figure 4C ). Taken together, the single-cell transcriptional analyses identified two closely related subsets within Id2 RFP ILCPs with markedly different expressions of transcription factor Zbtb16.
NK Lineage Potential Is Largely Retained in Id2 + Zbtb16 + ILCPs Zbtb16-expressing cells represented about 75% of the total ILCP population in our single-cell transcriptional analysis and, as noted above, 90% of these cells expressed Il2rb and Il18r1 ( Figure 4B ). Although a previous study showed that PLZF + BM progenitors lacked NK potential , our results suggested that ILCPs expressing both Id2 and Zbtb16 might generate NK cells given the proper environmental signals. To address this hypothesis, we intercrossed Id2 RFP and Zbtb16 GFPcre strains to generate double-reporter mice (Figure 4D ). Analysis of BM progenitors from Id2 RFP Zbtb16 GFPcre mice demonstrated that a fraction (ranging from 30% to 80%) of Id2 RFP ILCPs co-expressed Zbtb16-driven GFP (Figure 4E and 4F). The Id2 + Zbtb16and Id2 + Zbtb16 + subsets showed comparable Id2 expression, whereas Id2 + Zbtb16 + cells expressed higher amounts of a4b7, CD117, CD127, and CD90 (Figure 4G) . Moreover, we confirmed preferential expression of the inhibitory receptor PD-1 (Seillet et al., 2016; Yu et al., 2016) within the Id2 + Zbtb16 + ILCPs ( Figure 4G) .
We next compared the capacity of these Zbtb16-expressing ILCP subsets to further differentiate in vivo. Id2 + Zbtb16and Id2 + Zbtb16 + ILCPs were purified from Id2 RFP Zbtb16 GFPcre mice and transferred into Rag2 -/-Il2rg -/hosts. Both populations generated exclusively ILC and NK-cell progeny and lacked potential for B, T, or myeloid cells. Similar to results previously reported for Zbtb16 + ILCPs , Id2 + Zbtb16 + ILCPs gave rise to multiple ILC lineages (ILC1, ILC2, and ILC3) in different tissues ( Figure 5A ). However, NK cells expressing inhibitory Ly49 receptors were clearly detected in the spleen and Eomes + or CD49b + NK cells were detected in the liver ( Figure 5B ), although CD49a + ILC1s dominated in the latter, as expected . A similar pattern was observed after transfer of Zbtb16 -ILCPs ( Figure 5A and 5B) . Taken together, these results confirm that BM Id2 + Zbtb16 + ILCPs can give rise to ILC1s, ILC2s, and ILC3s in vivo but also demonstrate that Id2 + Zbtb16 + ILCPs retain NK-lineage potential.
We further characterized Id2 RFP Zbtb16 GFPcre progenitors using clonal assays. Single Id2 + Zbtb16 + ILCPs were purified and cultured on OP9 or OP9-DL4 stromal cells, and the development of different ILC subsets was determined by flow cytometry as above. We found that Id2 + Zbtb16 + ILCPs generated colonies of single or mixed ILC lineages ( Figure 5C ), confirming previous studies . To our surprise, many single-cell cultures of Id2 + Zbtb16 + ILCPs also harbored NK cells ( Figure 5C ; Table S2 ). Nearly 80% of the wells derived from Id2 + Zbtb16 + ILCPs contained Eomes + NK cells, which was comparable to results using unfractionated ILCPs (85.2%) ( Figure 3F ; Table S2 ). In contrast, the percentage of mixed-lineage colonies derived from Id2 + Zbtb16 + ILCPs was lower than that obtained with total ILCPs (13.9% from Id2 + Zbtb16 + ILCPs versus 37.1% from Id2 + ILCPs), and the frequencies of colonies containing ILC1s or ILC3s were also reduced, in agreement with a more restricted lineage potential of Id2 + Zbtb16 + ILCPs. Phenotypic analysis of the NK cells generated from Id2 + Zbtb16 + ILCPs confirmed their cytotoxic potential ( Figure 5D ).
Id2, Zbtb16, and Bcl11b Transcripts Define Lineage Restriction of ILC Progenitors
To better understand the relationship between Id2 + Zbtb16and Id2 + Zbtb16 + ILCP subsets, we performed multiplex qRT-PCR for gene-expression analysis of the two populations. Single CLPs, Id2 + Zbtb16and Id2 + Zbtb16 + ILCPs were purified from Id2 RFP Zbtb16 GFPcre BM and 44 lymphoid genes were examined as described above. Using unsupervised hierarchical clustering, we found that Id2 + Zbtb16 + ILCPs and Id2 + Zbtb16cells were closely related but could be distinguished ( Figure 6A ). As expected, the expression of Zbtb16 was restricted to Id2 + Zbtb16 + ILCPs. The expression of several ILC-related genes, including Id2, Tox, Tcf7, Gata3, and Rora, gradually increased from Id2 + Zbtb16to Id2 + Zbtb16 + ILCPs. These results implied a close developmental relationship between the Id2 + Zbtb16and Id2 + Zbtb16 + ILCPs. Accordingly, short-term culture of Id2 + Zbtb16 -ILCPs generated a discrete subset of Zbtb16 + cells ( Figure 6B ) consistent with previous studies .
In addition to Zbtb16, we identified several genes that were enriched in Id2 + Zbtb16 + ILCPs, including Bcl11b, a TF essential for ILC2 development (Califano et al., 2015; Yu et al., 2015) ; Arg1, a urea cycle enzyme that marks ILC precursors in the fetal gut and plays a key role in regulating ILC2 functions (Bando et al., 2015; Monticelli et al., 2016) ; and Hes1, a downstream target of Notch signaling (Ohtsuka et al., 1999) . Conversely, we found that Rorc, a pivotal transcription factor for the generation of ILC3 lineages, as well as Il1r1 and Il2ra, receptor subunits required for IL-1b and IL-2 signaling, respectively, were preferentially expressed in Id2 + Zbtb16 -ILCPs.
The reduced frequency of Rorc and Il1r1 transcripts in the Id2 + Zbtb16 + ILCPs led us to speculate that these cells may have lower ILC3-lineage potential than Id2 + Zbtb16 -ILCPs. To test this possibility, we cultured Id2 + Zbtb16and Id2 + Zbtb16 + ILCPs on OP9 or OP9-DL4 stromal cells and compared their differentiation capacity in vitro. Indeed, few ILC3s were generated from Id2 + Zbtb16 + ILCPs, whereas RORgt + ILC3s were detected (F) GFP expression in CLPs, Id2 RFP ILCPs, ILC2s, and splenic NK cells of Id2 RFP Zbtb16 GFPcre mice (top) and percentage of Zbtb16 GFP expression in Id2 + ILCPs (n = 7) (bottom). (G) Flow cytometry analysis of surface marker expression on CLPs and Id2 + Zbtb16 À and Id2 + Zbtb16 + ILCPs. Data are from one experiment representative of two independent experiments. (legend continued on next page) in cultures derived from Id2 + Zbtb16 -ILCPs ( Figure 6C ) with little effect of enforced Notch signaling. These RORgt + ILC3s also expressed CCR6, a chemokine receptor expressed by LTi cells, and were NKp46 -( Figure 6C ). Together, these data demonstrated that Zbtb16 expression in ILC precursors is associated with progressive loss of capacity to generate the ILC3 lineage, especially CCR6 + ILC3s.
The transcription factor Bcl11b was proposed as a global early ILCP marker that is further up-regulated in ILC2-restricted precursors and required for ILC2 development (Califano et al., 2015; Yu et al., 2015) . Our single-cell multiplex gene-expression data revealed that Bcl11b is expressed in a subset of Id2 + ILCPs and preferentially expressed in Id2 + Zbtb16 + ILCPs. To further explore the function of these different Id2 + ILCPs subsets, we intercrossed Bcl11b tdTomato and Id2 RFP Zbtb16 GFPcre mice to generate Id2 RFP Zbtb16 GFPcre Bcl11b tdTomato triple-reporter mice. Analysis of the BM progenitor cells from these mice showed that Zbtb16 and Bcl11b expression divided Id2 RFP ILCPs into four discrete subsets: Zbtb16 -Bcl11b -, Zbtb16 + Bcl11b -, Zbtb16 + Bcl11b + , and Zbtb16 -Bcl11b + ILCPs ( Figure 7A) .
We next compared the expression of several cell-surface markers of BM progenitors or ILC2s among these four subsets. Although all comparably expressed CD27, CD117, and CD90 ( Figure 7B ), PD-1 was strictly expressed by Zbtb16 + ILCPs regardless of Bcl11b expression, and none of the subsets expressed CD25, which characterizes late-stage ILC2 differentiation. A fraction of Zbtb16 -Bcl11b -ILCPs expressed RORgt and lower amounts of CD27 compared to other subsets ( Figure 7C ), in accordance with the transcriptional profile of Id2 + Zbtb16 -ILCPs ( Figure 6A) . To compare the developmental potential of these four Id2 RFP ILCPs subsets, we bulk cultured purified Zbtb16 -Bcl11b -, Zbtb16 + Bcl11b -, Zbtb16 + Bcl11b + , and Zbtb16 -Bcl11b + ILCPs on OP9-DL4 stromal cells with cytokines and characterized their progeny. Bcl11b-expressing ILCPs, regardless of Zbtb16 expression, grew poorly in IL-7 and stem cell factor (SCF) ( Figure S3D ). When IL-33 was added to the cultures, robust ILC2 growth was observed (Figures 7D and 7E) , indicating that these cells were highly enriched in ILC2 precursors, consistent with previous reports (Califano et al., 2015; Yu et al., 2015) . In contrast, Zbtb16 + Bcl11b -ILCPs could generate NK cells, ILC1s, and ILC2s but only few ILC3s. Only Zbtb16 -Bcl11b -ILCPs could give rise to all three ILC lineages (ILC1, ILC2, and ILC3) as well as NK cells (Figures 7D and 7E) . Clonal analyses confirmed these findings ( Figure 7F ). Thus, Zbtb16 -Bcl11b -ILCPs harbor the earliest BM Id2 RFP ILCPs that can generate all ILC and NK-cell lineages.
DISCUSSION
Using a highly sensitive Id2 RFP -reporter mouse model, we have characterized heterogeneous progenitor populations in adult BM that include ILCPs and NK-cell-restricted precursors (NKPs). These Id2 RFP ILCPs are comprised of both multi-potent (giving rise to multiple ILC lineages, including conventional NK cells) and uni-potent precursors, with potential for a single ILC group or for conventional NK cells. By multiplexing our Id2 RFP reporter with existing TF reporters (Zbtb16 GFPcre and Bcl11b tdTomato ), we could simultaneously assess the impact of three key transcription factors (Id2, Zbtb16, and Bcl11b) to ILC development and uncover the substantial phenotypic and functional heterogeneity of Id2 RFP ILCPs. Through single-cell qPCR analysis and in vitro clonal assays, we could redefine the earliest common ILCPs downstream of the common lymphoid progenitor and clarify the contribution of several TFs at the different stages of ILC development. Based on these results, we propose a revised scheme of murine BM ILC and NK-cell differentiation that markedly contrasts with the current helper versus killer model ( Figure S4 ).
The Id2 RFP reporter used in this study provided a key tool to dissect ILCP diversity due to robust and distinct fluorescence properties. Compared with the previously described Id2 GFP mice used to identify CHILPs (Klose et al. 2014) , our Id2 RFP reporter has brighter fluorescence, which allowed for the identification of a larger fraction of Id2-expressing cells in the BM. Because RFP can be spectrally separated from GFP, YFP, and tdTomato fluorochromes using standard flow cytometers, we could take advantage of multiplexed fluorescent reporters to isolate distinct ILCP subpopulations that differentially expressed three key transcription factors required for ILC development. This allowed us to perform an in-depth phenotypic, transcriptomic, and functional analysis of Id2 RFP ILCP subsets both in vivo and in vitro. Importantly, we used standardized and widely accepted criteria for identifying mature ILC subsets derived from these different ILCPs. This was a critical issue because previous reports have not always used the same defining markers for NK cells and ILC progeny of ILCPs Klose et al., 2014) , leading to some question about the precursor-product relationship of ILCPs with mature ILC and NK cells.
Based on studies using Id2 GFP mice, Klose et al. (2014) identified an ILCP population (CHILPs) that could give rise in vitro and in vivo to several ILC subsets (Eomes -ILC1, ILC2, and ILC3) but not to conventional Eomes + NK cells. The authors proposed a killer versus helper model of ILC and NK-cell development from CLPs in which NK cells emerge prior to the Id2 + CHILP stage, although other ILC subsets are CHILP derived. The authors also suggested that early NK-cell development was relatively Id2 independent because only low amounts of GFP were detected in NKPs from Id2 GFP mice (Klose et al., 2014) . In contrast, we have provided evidence for Id2-expressing lymphoid progenitors in Id2 RFP mice with potential for all ILC lineages, including NK cells. These differences may be explained by the better discrimination of these rare cells in Id2 RFP mice, allowing for isolation of multi-potent ILCPs and NKPs. Single-cell assays demonstrate that ILCPs can generate both conventional (C) In vitro differentiation of Id2 + Zbtb16 + ILCPs on OP9 or OP9-DL4 cells. Cells were cultured during 15 days with SCF and IL-7 or with IL-33 and/or IL-2 and IL-23. (D) Analysis of perforin and granzyme B expression in NK cells derived from bulk culture of 200 Id2 + Zbtb16 + ILCPs. Cells were cultured during 7 days on OP9 cells with SCF and IL-7 and supplemented for 1 day with IL-12 and IL-15. Data are from one experiment representative of two independent experiments, each including technical triplicates. Eomes + NK cells and different ILC subsets, providing evidence for a common ILC and NK-cell progenitor that expresses Id2. Our results argue against the notion of separate ''branches'' of killer-NK-cell and helper-ILC development that are Id2 independent and Id2 dependent, respectively. Rather, we envisage a model of Id2-mediated suppression of adaptive B and T cell development from CLPs that is associated with emergence of CILCPs and NK-cell precursors ( Figure S4 ). This revised model places committed NK-cell progenitors (Fathman et al. 2011; Rosmaraki et al., 2001 ) downstream of CILCPs. Previous studies using Zbtb16 GFPCre reporter mice identify a PLZF + ILCP that shows a phenotypic and functional overlap with Id2 + CHILPs (Klose et al., 2014) . Zbtb16 + ILCPs could give rise to ILC1s, ILC2s, and NKp46 + ILC3s but not to conventional NK cells or CD4 + LTilike ILC3s. A model has been proposed whereby PLZF expression in ILCPs was associated with reduced generation of NK cells and CCR6 + CD4 + ILC3s. It was therefore of great interest to better understand the complexity of these different ILCP populations through analysis of Id2 RFP Zbtb16 CreGFP double-reporter mice. As expected , we found that Id2 + Zbtb16 + ILCPs could robustly generate ILC1 and ILC2 subsets and showed strongly reduced potential for CCR6 + ILC3s (LTi-like ILC3s). Moreover, we found that Id2 + Zbtb16 + ILCPs gave rise to conventional NK cells both in vitro and in vivo, suggesting that these precursors retained substantial NK-celllineage potential. Generation of Eomes + NK-cell-containing clones was obtained from Id2 + Zbtb16 + ILCPs, and these cells harbored Eomes-dependent cytotoxic molecules (perforin and granzyme B) after growth in vitro. Importantly, NK cells derived from Id2 + Zbtb16 + ILCPs in vivo expressed markers of mature conventional NK cells (Ly49 receptors, CD49b) that were not expressed by ILC1s. These results indicate that PLZF expression in ILCPs is compatible with conventional NK-cell development, in contrast with the current models (Diefenbach et al., 2014; Constantinides et al., 2014) . It is possible that NK-cell progeny from Zbtb16 + ILCPs were not detected because Eomes staining was not performed in the previous study . The molecular mechanisms that promote NK-cell development from ILCPs remain unclear, although it is interesting to speculate that this process might be controlled in an analogous fashion to that which operates during intrathymic CD8-lineage determination (via cytokine-driven survival and expansion) (Cherrier et al., 2018) .
By multiplexing Id2, Zbtb16, and Bcl11b reporters, we could confirm previous reports that identified early Bcl11b expression and ILC2 differentiation (Califano et al., 2015; Yu et al., 2015) . The precise stage at which up-regulation of Bcl11b occurs to commit ILCPs to the ILC2 fate was not known. By studying Id2 RFP Zbtb16 GFPcre Bcl11b tdTomato triple-reporter mice, we could demonstrate complexity in the ILCP compartment that raised additional questions concerning the progressive stages of ILC differentiation. We found that Bcl11b expression was enriched for ILC2 fate in Id2 + ILCPs but that this process appeared independent of Zbtb16 expression. A sequential model of ILC2 differentiation (Zbtb16 + Bcl11b -/ Zbtb16 + Bcl11b + / Zbtb16 -Bcl11b + ) would accommodate the data and be consistent with previous fate-mapping studies , although Zbtb16-independent pathways may also exist. Further studies will be required to understand the inter-relationships between PLZF-and BCL11B-dependent ILC differentiation.
Analysis of Id2 RFP Zbtb16 GFPcre Bcl11b tdTomato mice also demonstrated that in ILC3s, especially CCR6 + ILC3s (LTi-like cells), differentiation was highly enriched in Id2 + Zbtb16 -Bcl11b -ILCPs. In contrast, expression of either Zbtb16 or Bcl11b was associated with loss of ILC3 potential. As such, our results suggest that ILC3 emergence from Id2 + ILCPs may represent one of the earliest branch points in ILC development, which separates ILC3 (via up-regulation of Rorc) from ILC1, ILC2, or NK-cell (via up-regulation of Zbtb16) pathways, which was also observed during fetal ILC differentiation (Ishizuka et al., 2016) . Understanding the signals that instruct expression of these critical TFs should shed light on how these unique innate effector cells are generated and may lead to approaches that can promote their development in diverse disease settings.
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